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ABSTRACT 


The concepts associated with the field of soils mechanics are now 
being applied to marine sediments. Because of the more complex 
nature of the mixture of fine mineral particles and sea water, some of 
these concepts do not always appear overly applicable. This is parti- 
cularly true with regard to the deep sea clays. In view of their often 
very high water contents, a liquid behavior might well be assumed for 
many marine clays. The analytical methods of fluid mechanics do not 
satisfactorily explain the low strengths that are found in these soils. 
Thin-walled test cylinders were devised to allow testing of cohesive 
soils at high water contents. Over 50 tests were made of a test sedi- 
ment, the majority above the liquid limit, to study the relationship of 
plasticity to water content. The results show that the gradation from 
liquid to plastic behavior encompasses a much wider range of water con- 


tents then previously considered. 








TABLE OF CONTENTS 


t. INTRODUCTION -------------------------------------- 5 
A. GENERAL -------- peer e 2 = cs 5 
EE ATMGEENOr SOILS UNDER LOADING --------------_ 7 
CSIC IE@ NCE Ob C@HESION -----.---_______--..- 10 
D. BASIC EXPERIMENTAL APPROACH ------------------ 12 
SRE SIME GUIEI EN es ———- == ________- 17 


Pe, NPGS UNCONFINED COMPRESSION 


TESTING MACHINE ----------------------------- 17 

B. TEST CELL EQUIPMENT -------------------------- 17 

Cc. i eo Owl Vinh) = S—— === === =-—=——— Ze 

III. TEST PROCEDURE ------------------------------------- 24 
i, AMNNSIS ORD] =a 31 
We RESULTS -------~------------~---~-----~---~----~-~------ 35 
wl, CONCLUSION 255555 se ese 2. sees a7 
A. Ko-WATER CONTENT RELATIONSHIP 9 --------------— 37 

B. TEST CELL APPROACH --------------------------- 38 

VII. RECOMMENDATIONS FOR FURTHER STUDY --------------- 40 
APPENDIX A TEST DATA ------------------------------ 41 
SPSL TOG, SORES ee 69 
INITIAL DISTRIBUTION LIST --------------------------------- 70 


MQM (DID 1A 2 26ers felt 





VQ. 


ER 


oe 


LIST OF FIGURES 


RELATIONSHIP OF PHYSICAL STATE AND 


WATER CONTENT 9 ------ 3-7 


INCREMENTAL SECTION OF TEST CELL ----------------- 
NFGS UNCONFINED COMPRESSION 

TESTING MACHINE --------------------------------- 
ELECTRIC MOTOR AND MACHINE SCREW JACTUATOR ----- 
PLEO TRIG MOTOR CONTROLLERAAND FORCE 

TRANSDUCER ---------or- ooo 
TEST CELL WITH STRAIN GAGES ATTACHED ------------ 
STRAIN GAGE INDICATOR ---------------------------- 
TEST CELL CROSS SECTION -------------------------- 
TEST CELL READY FOR TESTING ~----------------------- 
FORCE VERSUS TIME OUTPUT GRAPH, MODULATED 

TO INDICATE INCREMENTS OF STRAIN ---------------- 
SAMPLE P. VERSUS P. GRAPH) ---------------------- 


1 3 
een oUomVAlER CONTENT GRAPH ----------------= 


ts 


Za 


22 


26 


Ze 


Za 


33 


34 





I. INTRODUCTION 


A. GENERAL 

The requirements for accurate estimates of strength of marine sedi- 
ments are numerous and are increasing. The methods used to make 
these estimates have not always fully satisfied the requirements. Diff- 
erences between in-situ and predicted strength characteristics have been 
at least partially attributed to sample collection techniques. Asa result, 
much effort has been devoted to both improving sampling equipment and 
perfecting in-situ testing methods. The former approach has had little 
direct result and the latter has proved costly, and at present, impractical. 

A third approach, that of correcting laboratory data for in-situ con- 
ditions, requires a good understanding of the nature of these marine 
clays and the basic reason for their strength characteristics. The in- 
situ strength of a sediment is a complex function of the physical proper- 
ties, both on a mass scale, and relative to each individual particle. If 
the particles were the same size, shape, orientation, and chemical 
composition, the problem would be far simpler. 

The marine clays, the most complex of bottom sediment types, 
are among the most important, in that the majority of both near-shore 
and ocean basin floor is composed of clays. The nature of these clays 
is varied, ranging from fine mineral particles of predominantly terrestrial 
origin, to oozes composed mainly of the remains of oceanic flora and 


fauna. Three similar properties exist, though, in marine clay types, 





a 


which allow generalization of strength characteristics. They areall 

fine particles, have high water contents, and exhibit cohesive strength. 
The test methods most commonly utilized in dealing with these clays 

are those developed in terrestrial soil mechanics. The S@iewemece 
which exist between marine soils and terrestrial soils is a factor of 
their different environments, with the major difference being their higher 
water contents. 

The strength of a soil body is a property of the physical state of 
the soil. Soils can be considered to be in one of four states; solid, 
semi-solid, plastic, or liquid. The state of the body determines which 
theories of mechanical behavior are applicable. The physical state of 
a soil body is, toa large extent, a function of the water content. To 
determine the state, and therefore the applicable theories, the Atterburg 
limits are used. Figure 1 shows these limits, as delineations between 


the various states, and their relationship to water content and volume. 
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FIGURE 1. RELATIONSHIP OF PHYSICAL STATE AND WATER CONTENT. 





The liquid limit (LL) is defined as the water content at which a soil 
passes from the plastic state to the liquid state. The plastic limit (PL) 
defines passage between semi-solid and olastic states, and the lesser 
used shrinkage limit (SL) marks the change from solid to semi-solid 
(Atterburg, 1905). The methods used to determine these limits are 
empirical, but usually fairly reproducible. Some question arises in 
these definitions with reference to marine clays as to the validity of the 
various regions, primarily in regard to the transition from plastic to 


liquid region. 


B. FAILURE OF SOILS UNDER LOADING 

The mechanism of failure of a soil column undergoing testing is 
ascribed to slippage along a plane, considered as the plane of failure. 
The resistance to slippage along this plane is termed shear strength. 
This resistance is caused by two separate mechanisms, internal friction, 
and cohesion. Internal friction is that strength given by contact Of 1ndi= 
vidual particles. Cohesion is a more complex quantity, and will be dis- 
cussed in the succeeding section. 

The first relationships developed to understand the meaning of 
shear strength were devised by Coulumb (1776), in his early studies of 
Pet walls. His equation states: 

S=G + P tan 
where 


S = shear strength 


C = cohesion, 





P = normal force per unit area, and 
6 = angle of internal friction 

From the above, the resistance to slippage along a plane is equal 
to the cohesive strength plus the component of the normal force parallel 
to the plane. Coulumb assumed cohesion and angle of internal friction 
to be constant fora given material. The studies of Terzaghi and Hvorslev 
(Hvorslev, 1937), however, demonstrated that these assumptions were 
not valid. Their work resulted in the Terzaghi-Hvorslev failure criterion: 

SiGe tang 
where C', P', and g' denote effective values of the parameters. 

The effective normal stress (P') was found by Hvorslev to equal 

normal stress minus the pressure of the pore water: 
P' = P- oF 

where Or = pore pressure. 

The effective values of C and ¢g account for variations of these parame- 
ters with water content, orientation, and pore pressure. Hvorslev's 
experiments on natural clays during the period 1934-1937 (Hvorslev, 
1937) illustrated the applicability of these parameters. 

When applying the Terizaghi-Hvorslev criterion to fine grained 
marine sediments, the assumption is usually made that g' approaches 
zero. The reasoning for this assumption is that the increased water 
content tends to separate the particles so as to prevent contact or fric- 
tion development. The tangent of a = 0, and the equation simplifies 
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This indicates that all shear resistance in soils of high water content 
is attributable to cohesion. 

The mechanism for determining shear stress resulting from an 
applied normal stress is attributed to Mohr (1914). The Mone circle is 
used to determine the interrelationship of normal and shear stress. This 
mechanism is dependent on plastic behavior ar the soil mass. In terms 


of vertical and horizontal stresses on the body, shear is evaluated as: 


215) eae 
Zz 
where 313 = shear stress on the plane inclined 45° 
to the planes of Py and P. 
Py = normal stress on the horizontal plane 
Po = normal stress on any vertical plane 


The factor, Ko: relates these stresses for soils, where: 


Ka = Psi 7 Py 


where 


Ko = the coefficient of the earth mass at rest, 


and the primes indicate effective values of Py and Po . Thatis, fora 


given soil, in-situ, a normal stress on the Surface will result ina 
lateral stress which is Ro times the normal stress. Using the Mohr 


circle criteria, the shear induced within the soil will have a maximum 


value of: 





It has previously been assumed (Noorany and Seed, 1965) that for most 


cohesive soils, K.. is equal to 0.5. An objective of the present investi- 


O 
gation was to determine if Ro remains constant for the various states of 


the sediments behavior. 


Cc. SIGNIFICANCE OF COHESION 

Most marine clays exhibit a resistance to shear which is, in part, 
independent of the normal load. This shear component is termed co- 
hesion. The value of cohesion depends Strongly on water content and 
the constituent minerals, and to a lesser degree on particle size. The 
dependence of the latter factor is demonstrated in that while the vast 
majority of cohesive soils are fine grained, not all fine grained soils 
are cohesive (Karol, 1960). 

The constituents of marine soils are considered chiefly as complex 
silicates with some absorbed ions. Their chemical nature is such that 
a negative charge exists on the particle surfaces. In view of the polar 
nature of the water molecule, the hydrogen poles of the molecules are 
attracted to this negative charge. The water molecules attracted to the 
individual particles can be considered bound to the particle, but they 
also are attracted by other water molecules. If two adjacent soil particles 
“105 close enough, the bound particles of one particle are attracted by the 
bound water molecules of the adjacent particle, and thus the particles 
tend to remain stationary relative to each other. This attraction of 


bound water molecules is a molecular attraction, and is inversely 
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proportional to the distance between molecules squared. This molecular 
attraction can be seen as the force which opposes dislocation within 

the soil, independent of surface friction between soil particles. As it 

is a function of the distance between particles, those factors which 

vary distance will also cause variations of cohesion. Water content, 
therefore, is an important factor, as is particle orientation. The dis- 
tance is also effected by particle size and shape. These last two 
factors also effect the value of cohesive strength in that they determine 
the amount of surface area exposed, and therefore the amount of attraction 
between the particles and the water. 

The nature of cohesion as summarized above accounts for several 
of the properties noted for cohesive soils. The phenomenon of the sensi- 
tivity, or ratio of undisturbed strength to strength after some degree of 
reworking, can be explained in terms of particle orientation. In that the 
degree of cohesion is related to the distance between particles squared, 
those orientations that result in the lowest values of root mean square 
spacing have the highest cohesive strength. As most marine clay de- 
posits are evolved by flocculation and subsequent settling of suspended 
particles, the shape of the particles serves to dictate orientation. Most 
clay particles are either disc or needle shaped. The disc shape particles 
upon settling will normally be oriented with the larger dimensional 
planes horizontal. This orientation results in the lowest root mean 
square spacing. Reworking will tend to produce random orientation and 


thereby lower the cohesive strength. In the case of needle shaped 


al 





particles, the settling process produces some particle interlocking, 
which while not of the same nature, also gives an added apparent 
strength. The reworking process in this case decreases this interlocking 
tendency and therefore also decreases the apparent ace strength. 

The property of plasticity is also related to the nature of cohesive 
strength. Plasticity, or the ability to undergo large strains without 
rupture, is a property of only cohesive soils. If all strength was due to 
internal friction, then forces sufficient to cause slippage would be suffi- 
cient to cause failure. If, however, the forces are sufficient only to 
cause some displacement within the mass, the bonding forces attributed 
to cohesion continue to give some strength. This strength will continue 
to prevent rupture until displacement has increased to the point where 
the root mean squared spacing is such that cohesive strength can no 


longer resist the imposed force. 


1) BASIC EXPERIMENTAL APPROACH 

| As a result of the low strengths of the marine soils above the 
liquid limit, the most common testing procedure in use is the vane shear 
test (Minhugh, 1970). This test is conducted by submerging a multi- 
blade vane into the test sample and applying a measured torque. This 
technique determines only apparent cohesive strength of the soil, and 
makes no determination of the relationship of the normal and shear 
stresses. This relationship is important because under normal loading 
conditions, the load is applied so as to create a normal stress, but fail- 


ure occurs as a result of induced shear stress. 
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Another method used to determine shear strength is the "direct 
shear" test. This test measures shear strength on a predetermined plane 
under various normal loads. The major difficulty with this test is that 
it assumes that no preferred failure plane exists, and is an assumption 
perhaps false for most marine sediments. A second drawback is that 
the sample is frequently disturbed in the testing procedure, and any 
strength due to particle orientation is altered. 

Two other tests have been widely used for determining strength of 
clays, the tri-axial and the unconfined compression tests. These are 
considered most applicable in the plastic region of soil behavior 
(Bishop and Henkel, 1962). Both are considered indirect methods of 
determining shear strength; that is, the strength is determined by 
measuring the normal stresses and applying the results to established 
relationships. These procedures present two difficulties with regards 
to testing marine soils. First, their results depend on the use of the 
relationships developed from the theory cf plasticity, and are hence 
valid only for plastic soils. Secondly, testing of weak, high water 
content marine soils is physically extremely difficult. Many marine 
soils in their natural state are too weak to be tested by these methods. 

In an attempt to analyze the internal stress relationship of high 
water content marine soils, thin-walled aluminum test cells were de- 
signed for use with the NPGS Unconfined Compression testing machine 
(Westfahl, 1970). The walls of the test cells allowed testing at water 


contents well above the liquid limit. The results of such tests 
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must be evaluated with regard to present understanding of mechanical 
behavior and the results of increased water content on the strength of 
clays. 

The test cells developed for this study consisted of thin-walled 
aluminum cylinders. The response of such cylinders to internal pres- 
sures is well known. By determining their response to loadings, the 
internal pressure can be evaluated. 

Given a cylinder of radius R, height H, and wall thickness t, it 
is possible to determine the response of the cylinder to an internal 
pressure p, by considering an incremental section of the cylinder, 


dH by t by Rd8, as shown in Figure 2. 


a 


dH 


ma 
“if 


FIGURE 2. INCREMENTAL SECTION OF TEST CELL 





The pressure acts normal to the surface and produces a net force in the 

R direction of p x Rd8 x dH. The cylinder responds to this pressure with 
. ells: de. 

an equal and opposite force of 2 x tx dH x sin 7 x Pe where 2 is 


the angle of application and PY is the tensile stress acting tangenti- 


ally in the cylinder. If the pressure acts inside the cylinder over 
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a height of Hy While the total can height is Hy. then the results of 
integration can be shown to be: | 


P.=(pxRxH,)/(tx H,) 


The distribution of stresses within the walls of the cylinder are also 
well known relationships. The ratios of circumferences and height to 
wall thickness allow the assumption of a two dimensional stress- 
Strain distribution. The circumferential change in length per unit length, 
or tangential strain, Si is related to the tangential and longitudinal 


stresses by the equation: (Stippes et al, 1961) 





t : ee Ray 
where 
E = Young's Modulous, 
P = tangential stress, 


Py = longitudinal stress, and 


& = Poison's Ratio 
The analysis of the stress-strain relationship may be simplified by 
allowing the ends of the cylinder to move unrestrained, thereby support- 
ing no longitudinal stress. With P., equaling zero, and multiplying 


L 


through by E, the equation, solved for P. becomes: 


Substituting this equation into the previously determined equation for 
tangential stress, and solving for intemal pressure, p, it can be seen 


that 
eee bate HH) /{R x Hj) 


1S 





a 


Young's Modulous, E, is a constant for a given metal, and t, R, Hy. 


and Hy are easily measured parameters. It is seen then that by deter- 


mining the tangential strain, the internal pressure can be evaluated. 
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Il TEST EQUIPMENT 


A. NPGS UNC ONFINED COMPRESSION TESTING MACHINE 

The vertical stresses on the test samples were imposed, controlled, 
and recorded using the unconfined compression testing machine designed 
and assembled by Westfahl (1970). Figure 3 shows the assembled 
machine, with the aluminum test cell designed for this investigation 
installed. 

The major components of the test machine, in addition to the 
structural members, are the machine screw jactuator, variable speed 
motor, the motor speed control, and the force transducer. These are 
shown in Figures 4 and 5. The force on the test cell was imposed by 
driving the machine screw jactuator at low speed. The force was meas- 
ured by Daytronics Corporation equipment, the force transducer being 
a model 52-50-A, with power supplied by a Model 300 D Transducer 
amplifier-indicator. The force signals from the transducer were condi- 
tioned and amplified by a module in the amplifier-indicator. The condi- 
tioned output from the module was uSed as a variable input to an X-T 


reconaer. 


B, Peotone BQ ULPMENT 
The lateral pressures in the soil sample were monitored utilizing 
thin-walled cylinders and strain gage equipment. The cylinders were 


machined from 2025 aluminum. Of the various metals available, 


If 








FIGURE 3. NPGS UNCONFINED COMPRESSION TESTING 
MACHINE WITH ALUMINUM TEST CELL. 
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FIGURE S. 


ELECTRIC MOTOR 
CONTROLLER AND FORCE 
TRANSDUCER USED IN 
INVESTIGATION. 





1S, 


FIGURE 4, 


ELECTRIC MOTOR AND 
MACHINE SCREW 
JACTUATOR FOR UNCON- 
FINED COMPRESSION 
TESTING MACHINE. 








aluminum gave the best ratio of tangential strain to internal pressure. 
Open ended cylinders were used to simplify loading and to negate the 
influence of longitudinal stress. The cells used in the tests had the 


following dimensions: 


Inside Radius = 0.937 inches 
Height = 5.00 inches 
Thickness = 0.020 inches 


End plugs were constructed for the cylinders using the same metal stock. 
The radius of the plugs was such as to allow minimum clearance between 
the plugs and the cell wall while allowing vertical movement of the 
plugs within the cells. Under loading conditions, the free movement 
prevented friction, which would have induced longitudinal stress within 
the cell walls. The minimum clearance was to make the cylinder water- 
tight. However, this proved impossible if free movement was to be in- 
sured. Therefore, round cork gaskets were made to fit between the end 
plugs and the sample. Lubricating the end plugs and gaskets with a 
petroleum jelly served to ensure both watertight seals, and free move- 
ment. A photograph of the test cells, ena atee and gaskets is included 
as Figure 6. 

Tangential strain was measured by various types of SR-4 strain 
gages. These were foil-backed, temperature compensating gages. The 
variation of resistance of the strain gage due to strain was measured on 


a portable SR-4 type L strain gage indicator, shown in Figure 7. 


20 
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FIGURE 6. 





TEST CELL WITH STRAIN GAGES ATTACHED. 
END PLUGS, CORK GASKET, AND SPACERS 
ARE ALSO SHOWN. 


a 








FIGURE 7. STRAIN GAGE INDICATOR USED IN INVESTIGATION. 
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C. AUXILIARY TEST EQUIPMENT 

To allow a more meaningful interpretation of test data, several 
auxiliary tests were performed on the samples. Water content deter- 
minations were made using an analytic balance accurate to within 0.01 
gm, and a drying oven thermostatically controlled at 110 +5°C. Liquid 
limit tests were conducted using a mechanical liquid limit device and 
then conducting water content determinations in the standard manner. 
Periodic Bulk Wet Density determinations were made using the known 
volume of the test cells, and the balance described above. The balance 
was further used, in conjunction with an air comparison pycnometer, 
accurate to within 0.01 cc, for specific gravity of solids determination. 
Measurements of cylinder radius, thickness, and height, and sample 


height were made using calipers accurate to within 0.001 inches. 


~ 
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ii LESTAEROCEDURE 


The tests in this investigation were conducted on samples of clay 
from Seal Beach Lagoon, California. Previous tests on these samples 
had been conducted by King (1969). These samples had been stored 
since collection in an emersed condition. No drying had occurred, and 
the only deterioration apparent was in the form of rust from the storage 
containers. Water content of the stored clay was measured at 70%. 

To insure that results were representative of the general mass, and not 
a single sample, 14 samples were used during this investigation. 

It was realized that it would not be possible to find a homogeneous 
soil body exhibiting the wide range of water contents desired for testing. 
As a consequence, it was decided to use remolded samples, and to vary 
the water content by allowing a fairly uniform and slow drying RrEeeaT 
test runs. The samples were remolded during the drying periods and 
this served to ensure Satisfactorily uniform drying. Sufficient material 
was utilized for each sample to allow multiple tests on the sample even 
with some of the sample used after each test for water content measure- 
ment. Bulk Wet Density determinations were made periodically to ensure 
se all tests were conducted on fully saturated samples. Liquid limit 
tests were made on every other sample, and the dried samples from these 
tests were used for specific gravity determinations. This testing was 
done primarily to insure homogeneity. The liquid limit was evaluated 


BS ojo 0) ee, BOP o wae 
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Each sample was removed from the storage container, and the con- 
tainer was then resealed to prevent drying. A portion of the removed 
sample was tested for water content, and the remainder of the sample 
was remolded in a large dish. The sample was then see to the 
test cell using a spatula, and again reworked to minimize the possibility 
of entrapped air. This was done by use cf a column of 1/4-inch spacers 
inside the cylinder. One of the cork gaskets was placed on top of the 
spacers, and the cylinder was filled from the gasket to the top. Several 
spacers were removed and then more sample was added. This was con- 
tinued until approximately 4 inches of sample was contained within the 
cylinder. The open end of the cylinder was then capped using a second 
gasket and an end plug. A slight pressure was exerted on the end plug 
to force the sample toward the end without a plug. The second end plug 
was then added. Slight pressure was then exerted for two reasons; 
first, to center the sample, and second, to ensure that both end plugs 
moved without friction within the cylinder walls. Figure 8 is a cross 
sectional drawing of the completed assembly ready for testing. The 
filled test cell was then installed in the unconfined compression machine 
as shown in Figure 9. Spacers were placed between the end plugs and 
lower platens to ensure free movement of the cylinder longitudinally. 
The upper platen was lowered so that the test cell was held in place, 
and the strain gages were connected to the strain gage indicator. The 


indicator was nulled and the force transducer and chart recorder were 
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PIGWURE Jee tho) CELE READY FOR TESTING. 
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zeroed. The distance between the upper and lower platens was measured 
and from this, sample height was calculated and recorded. 

The motor for the machine screw jactuator was operated at a speed 
sufficiently slow to allow the operator to monitor the tangential strain. 
For most sample runs, a rate of less than 1% longitudinal strain per 
minute was used. Rates of up to 10% per minute were tried, with no 
apparent effect on the results. However, the slower rate proved more 
convenient for the test operations. The maximum load applied during 
the tests was in the range of 75 to 85 pounds. This insured that maxi- 
mum longitudinal strain on the sample was less than 2%, necessary to 
insure that stress relationships as determined were essentially indepen- 
dent of sample distortion. 

The variables of interest were the normal force and the tangential 
Strain. The method used to record these variables proved satisfactory. 
The strain gage indicator available had no output capability, so manual 
recording of strain was necessary. The output of the force transducer 
amplifier-indicator was used as the variable input to the X-T recorder. 
The force versus time plot thus obtained was modified to include indi- 
cations of strain increments. Increments of 10 micro-inches per inch of 
strain were indicated on the output force-time plots by alternately lifting 
and lowering the recorder pen. Figure 10 is a sample of one of the 
graphs thus obtained. Point O indicates zero conditions at start of 
test. Point A indicates 10 micro-inches perinch strain. Point B indi- 


cates pen lowered to signal 20 micro-inches. The break in the 
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RORGE VERSUS TIME OUTPUT PLOT, MODULATED 
Zo 


TO INDICATE INCREMENTS OF STRAIN. 


FAGURE 10. 





; 


curve at Point C marks a change of scale from 0.2 lbs force per 
scale unit to 5 lbs per unit, and Point D represents a further scale 
change to 10 lbs per unit. 

After the maximum force for each run was reached, the screw 
drive was stopped, and total change of sample height was measured. 
All tests were conducted so that sample change of height was less than 
2%. The force was then removed, the strain gages disconnected, and 
the sample extruded from the cell. The sample was placed in a drying 
dish, and a small portion was taken for a water content determination. 
A new sample was then placed within the test cell, and the previously 
tested samvle allowed to dry. As stated previously, the samples were 
reworked during the drying process. Approximately 4 tests were made 
on each sample, with differences of at least 2% in water content in each 
subsequent run. The samples were discarded when it became apparent 
either that drying was not uniform or that the sample was no longer fully 
saturated. 

In the early stages of the testing, the assumption was made that 
below the liquid limit, the coefficient of Earth pressure at rest, Ko, 
would be 0.5, so samples were discarded when their water contents 
approached the liquid limit. However, during preliminary data reduction, 
it became apparent that this was not the case. Subsequent samples 
were therefore allowed to dry as far below this limit as possible. Taree 


samples dried to water contents of about 45% before becoming unsaturated. 
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IV. ANALYSIS OF DATA 


The output plots were reduced to a tabular notation of: tangential 
strain versus force. While the graphs of these functions were propor- 


tional to the desired Py versus P. curves, their dependence upon sample 


height limited the utility. The determinations that were desired were 


j to the horizontal stress P. and 


the relationship of this to the water content. 


the relationship of the vertical stress P 


The pressure against the walls of the cylinder at any point equals 
the radial stress Pe of the soil column at that point. Remolding of the 
sample eliminated any inhomogeneities within the column, so Pe is 
considered equal to Pa , 


The earlier equation: 


Ss x Ext lel 


i 
becomes: 
S, Mave xe x El 
3 roc 1 


Using the fact that 


Ka = P3/Py 


and recognizing that the normal stress Py equals the normal force F 
divided by the area of application, an equation which gives Ky in terms 


of the measured variables is: 


on 





O 
where 
ey a Ceulvconsrant, 
Ss, = Fancential strain, 
IP = normal force, and 
H = sample height 


The values of Co were obtained by periodic calibrations of the cylinders 
using water (Ko = 1) in place of the sample. Seven such calibrations 
were conducted and each gave a value of 


Co = 1.58 £ 0.04 


The Naval Postgraduate School IBM 360 digital computer was used 
for the data reduction. The required variables and constants were used 
as an input for a program which solved for Pye Pp, and Ko . Atable 
of normal force, tangential strain, Pye Pas and Ro for each run was 
obtained. Eight runs were terminated either due to system malfunction 
oras a result of anomalous data. The tables for the 55 successful runs 
are included as Appendix A. 

The computer was also used to plot Py versus P. for all tests. 
Eaigtiie 11 illustrates one such plot, with a best fit straight line. All 
55 successful runs approximated straight lines for the range of interest. 
The slopes of these lines were evaluated as Ko for that particular run, 
and Ko versus water content was plotted for the test samples. Figure 12 


is the final plot of KX, versus water content. 


O 
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Nig aces OBE ys: 


For the entire range of water contents tested, from 45% to 71%, 
there appeared a strong dependence of Ko upon the water content. The 
value of liquid limit as measured in seven tests on samples was 55.1%. 
Further, Ko for a given water content was constant throughout the full 
range of forces applied. The position of the strain gages on the cans 
was moved from mid height as far as one inch below the top of the cyl- 
inder with no apparent effect on the results. The method used in these 
tests to determine the tangential strain appears to be the greatest short- 
coming of the procedure. The range of pressures was such that maxi- 
mum strain was less than 150 micro inches per inch. The accuracy of 
the strain gage indicator used was rated at £ 0.5 micro inches. When 
considered in light of 10 micro inch intervals, this is not fully satis- 
factory. The initial objective of this work was to test the concept of 
stress measurement using confining cylinders. The relationship of 
normal to horizontal stress was evaluated at values well above the 
liquid limit. With this objective in mind the results were favorable. 

The question of the exact nature of soils above the liquid limit 
was answered to some degree. There is a marked plasticity exhibited 
even above the limit, while the change from liquid to plastic behavior 
below the limit is not as rapid as envisioned. This bi-state behavior 


of clays suggests that empirical solutions to strength problems are 
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required, and raises questions as to the applicability of testing based 
purely on a plastic behavior. The triaxial and unconfined compression 
tests are the major examples of indirect tests, and predictions of soil 
strength made from the results of these tests relate to plastic theory. 
This does not apply to non-cohesive sediments, as plasticity is a pro- 


perty only of cohesive soils. 
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VI. CONCLUSIONS 


A. Ko7 WATER CONTENT RELATIONSHIP 

It is apparent from the results of this work that a dependence of 
Ko upon water content exists, though the degree of this dependence 
is not completely clear. It was initially assumed that the curve of Kg 
versus water content would be close to asymptotic to 0.5 below the 
liquid limit, and to 1.0 above the limit. A wide region of bi-state be- 
havior appears to exist, but definite boundaries of the bi-state behavior 
were not detected. However, some asymptotic behavior does appear to 
exist, as depicted in Figure 12. The behavior seen could be approxi- 
mated by either an arctan curve or one quadrant of a sine curve. This 


latter would support Jazy's approximation of (Jazy, 1944): 


Ky = 1 - sin g' 


where ¢' = effective or apparent angle of friction. Since cohesion be- 
comes more important in the shear problem, for higher water contents 
apparent @ will be some function of cohesive strength versus normal 
stress. The higher water contents result in greater inter-particle dis- 
tance, and therefore decreases cohesive strength. This decrease is 
proportional to the inverse of the square of the separation distance. 
The increase of spacing is a factor of water content, particle size, and 
orientation. The indeterminate nature of these variables indicates the 


necessity of empirical solution to the problem. 


37 





Combining the earlier stated equation of resultant shear and the 
modification of the Terzaghi-Hvorslev criterion, one arrives at the 
solution: 


Py = ae x 2/(1-K,) 


and for high water contents, since S = C, 


P =seGo x 2741 = K_) 


O 


As would be expected, these become indeterminate as K.. approaches 


O 
1.0. However, the immediate results of these tests that show non- 


unity values for K. above the liquid limit indicate applicability within 


O 


the ranges of water contents of most marine clays. 


be CONFINED COMPRESSION TESTING 

The test cell approach allowed an examination of the high water 
content clays with regard to their internal stress distribution. Standard 
test methods have not satisfactorily determined these relationships. 
Direct methods of shear determination conducted on samples of higher 
water content measure only cohesive strength. Indirect methods are 
difficult because of the low degree of plasticity. Loads in actual appli- 
cations would be applied to the soils in the form of normal loads. 
Therefore, the resultant stresses of such loads are of interest and must 
be analyzed. New methods must be considered, in order to overcome 
the difficulties of dealing with low strength high water content marine 


clays. The solution may well be a test such as conducted in this study, 
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in conjunction with use of the vane shear to evaluate cohesive strength. 
This test cell approach is not dependent upon single state behavior for 
validity, and so can be applied in the area of interest. It has served to 


more completely define the problem. 
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VII. RECOMMENDATIONS FOR FURTHER WORK 


The primary study recommended concerns the nature of the water 
within sediments. Asa result of the test of this investigation, it is 
believed that some percentage of the water molecules is tightly bound 
to the soil particles. A complex test utiiizing heavy water (D, Omics 
suggested to determine if this is true. If bonding of the surface mole- 
cules is not strong enough to permanently affix the surface water, the 
particles would be more prone to move relative to one another and the 
mass would more closely approximate a water matrix with the particles 
floating in such a matrix. It is theorized, rather, that inter-particle 
attraction causes semi-permanent positioning of the soil particles. 

The tests of this study were conducted ona single clay type. It 
is recommended that further tests be conducted on various cohesive and 
non-cohesive soils, and further, that testing cover the full range from 
natural water content as low as the plastic limit. In conducting further 


tests, it is recommended that different sized containers be used, and 


that more refined strain measurement and recording systems be employed. 
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APPENDIX A - TEST DATA 


28.60 


RUN NUMBER 120801 WATER CONTENT 70.6 
FORCE STRAIN Pi P3 K 
6.10 10.0 22) We Slee) Onan 
9.10 20.0 B29 Cre as) 0.965 

15.10 30.0 547 4.77 Grercr? 2 

eco 40.0 6.81 6.36 0.934 

24.10 DO0 8.94 1294 0.888 

Bae 20 60.0 Pi. 29 9.53 0.844 

Bois 20 102.0 14.19 l1.12 0.184 

46.80 80-0 16.94 R2e0 1 Ce 1 Sue 

5) e218) OA re.90 14.30 CanloaT 

58.60 LOGe. 0 PANS at Mono 0. 749 

C26 30 110.0 Zeal 17.8 0. 768 

68.80 120.0 24.91 oe On 0. /66 

ise 20 130.0 26.50 20.65 Oe 119 

RUN NUMBER 120802 WATER CCNTENT 70.6 

PURE STRAIN Pl PS K 
4.20 10.0 We Die 0.14 QO. 095 
9.60 7401 50, Seto Ome 0.083 
12.80 30.0 4.63 0.43 0.094 
18.20 40.0 Cre 0 0.58 0.088 
Toye MAR, 50.0 2) LOS, G.i2 Oe re 
31.60 60.0 11.44 0.8/7 0.076 
Bion (36, 70.0 2re © 1.01 0.078 
40.90 80.0 14.81 1.16 Oe One 
46.00 90.9 16-65 Gg ete 0.078 
le 0 100.0 18.64 1.44 Ont 
57.00 110.0 20.63 1.59 0.077 
62.50 120.0 Pe Oe lees Sle OO 7 
67.00 130.0 24225 1.88 O.0TT 
io. 0 © 140.0 ZO 2-02 Onc Tt 
79.00 150.0 Ze 0.076 
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RUN NUMBER 120803 WATER CONTENT 68.5 
FORCE STRAIN Pl oS) a K 
4.00 10.0 ie. 5 1.63 1.129 
8.00 20.0 2.90 Bee 7 1.129 
15.50 200 5.6] 4.90 0.874 
DAS 40.0 8.33 6.54 0.785 
28.00 50.0 10.14 8.17 0.806 
33.00 60.0 11.95 9.81 0.821 
38.50 70.0 13.94 11.44 0.821 
44.00 R0.0 15.93 13207 0.821 
50.00 90.0 18.10 14.71 0.813 
57.00 100.0 20.63 16.34 DAU 
65.00 110.0 23.53 17.98 0.764 
73.00 120.0 26.43 19.61 0.742 
79.00 130.0 28.60 21.24 0.743 
85.00 140.0 30.77 22.88 0.744 
RUN NUMBER 120804 WATER CONTENT 68.5 
FORCE STRAIN Pl p3 K 
5.00 10.0 ogi 1.66 0.916 
9.90 20.0 3.58 By a 0.925 
17.50 30.0 6.33 4.97 0.785 
25.00 40.0 9.05 6.63 0.733 
Be oS 50.0 11.76 8.29 0.705 
40.00 60.0 14.48 9.95 0.687 
47.50 70.0 aes, 11.60 Oncws 
55.00 80.0 Toso 13.26 0.666 
61.50 90.0 22.26 14.92 0.670 
67.80 100.0 24.54 16.58 0.675 
74.80 OO DOs 18.24 0.673 
80.00 were 28.96 19.89 0.687 
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RUN NUMBER 120805 WATER CONTENT 67.0 
FORCE STRAIN Pl P3 K 
5.50 hom 1.99 1.55 Gearel 

12.60 2050 4.56 Beret 0.682 

16.80 30.0 6.08 4.66 Onve7 

22.50 40.0 8.14 6.22 0.763 

30.60 50.0 We foxs 7.77 Oo VOX 

35.80 60.0 26 9.33 0.720 

41.50 TOs 15.02 10.88 0.724 

47.50 80.0 17.19 2a 0.723 

54.00 90.0 19.55 13.99 OVE 

59.80 100.0 21.65 15.54 0.718 

67.00 G0 24.25 hee Ke 0.705 

2250 120.0 26.24 18.65 ais Vill 

79.00 130.0 28.60 Zonal On ely 

RUN NUMBER 120806 WATER CONTENT 67.0 

FORCE STRAIN Pl P3 K 
5.80 10.0 2 1.55 0.740 
10.60 20.0 3.84 3.11 0.810 
18.00 30.0 6.52 4.66 nT 16 
25.00 40.0 9.05 ene 0.687 
30.00 50.0 10.86 (eg 0.716 
35.00 60.0 Sy 9.33 0.736 
40.50 Hoe 14.66 10.88 0.742 
46.50 80.0 16.83 12.43 0.739 
52.30 90.0 18.93 13.99 0.739 
58.00 100.0 21.00 15.54 0.740 
63.50 110.0 2290 iL aeaue 0.744 
69.00 U20R0 228 18.65 Onan 
74.00 130.0 eS 20a 21 0.754 
80.00 140.0 28.96 21.76 0.751 


67.0 
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RUN NUMBER 120807 WemeeR CONTENT 
BeRCE STRAIN Pl ae K 
4.50 10.0 1.63 1.39 0.852 
9.00 20.0 3.26 22/8 O02 052 
16.50 30.0 Deo 4.16 0.697 
24.50 40.0 8.87 Spas 0.626 
30.00 50.0 10.86 6.94 0.639 
S13) (3) 8) 60.0 Meio 8.33 0.648 
40.00 10.0 14.48 9.2/2 0.671 
44.60 80.0 16.15 11.11 0.688 
49.00 90.0 LATS: 12.49 0.704 
bats D0 100.0 19.73 13.88 0.704 
60.00 110.0 2 let 2 15.27 0. 703 
65.00 120.0 22653 16.66 O57 038 
70.00 130.9 25434 18.05 Or (oily 
16.00 140.0 Cale oul 19.44 OF 
RUN NUMBER 126808 WATER CONTENT 65.0 
eon C tr STRAIN Pt BS K 
4.20 10.0 PG Se ers 7 0.915 
8.60 20.0 3.11 Var is) 0.894 
15.00 30.0 5243 4.1/7 0.769 
21.00 40.9 7260 De OT 0.732 
26.00 50.0 9.41 66 95 O.%39 
30.50 60.0 11.04 8.35 0. 756 
36.00 70.0 13203 9.74 0.747 
42.09 80.0 15.20 11.13 Oeta2 
47.00 90.0 17.01 We 52 OO. 136 
52.00 100.0 18.82 13.92 O59 
SiO 110.0 20.63 Poe 5 i 0.742 
63.00 120.0 22-81 16.70 On. 132 
69.00 130.0 24.98 18.09 0.724 
14.50 140.0 26497 19.48 Oe fez 
80.50 150.0 29.14 20.87 0.716 
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RUN NUMBER 120809 WATER CONTENT 65.0 

FORCE STRAIN Py pP3 K 

7.50 10.0 Doin 1.54 0.568 

12250 20.0 4.52 age 0.681 

Hone O 30.0 6.08 4.63 0.760 

20.80 40.0 7.53 6.17 0.819 

26.60 50.0 9.63 Teal 0.801 

32.70 60.0 11.84 as 0.781 

38.80 70.0 14.05 10.79 0.768 

44.50 80.0 16.11 12.33 0.766 

50.30 90.0 18.21 13.88 On 762 

56.90 100.0 20.60 15.42 0.748 

62.50 110.0 AP OE 16.96 0.750 

68.00 120.0 24.62 18.50 0.752 

73 60 130.0 26.64 20.04 0.752 

RUN NUMBER 120610 WATER CONTENT 65.0 

FORCE STRAIN Pl P3 K 
“7.80 O50 D372 1.55 0.550 
13.60 20.0 4.92 3.11 0.631 
18.80 30.0 6.81 4.66 0.685 
23.50 40.0 8.51 6.22 0.731 
29.60 50.0 uaie72 er 7 Of 725 
35.50 69.0 -12.85 S22 On uee 
41.70 70.0 15.10 10.88 On vet 
47.50 80.0 M719 ees 0.723 
52.50 90.0 19.00 13.99 0.736 
58.80 100.0 pie 9 15.54 0.730 
63.50 110.0 22.99 17.10 Oman 
70.60 120.0 25.56 18.65 0.730 
75.80 130.0 27.44 On ak pee 
81.50 140.0 29.50 eae 0.738 





RUN NUMBER 


FeRCE 


11.00 
18.50 
26.00 
32.00 
41.00 
+7.00 
Bye 188) 
61.00 
69.10 
78.00 


IZ0oe WATER CONTENT 
STRAIN Pl PS 
10.0 5) eRe: 2-01 
20.0 6.1/0 4.01 
30.0 9.41 6.02 
40.0 11.58 8.03 
50.0 14.84 MO~05 
60.0 ie 1 12.04 
70.0 19.11 14.05 
80.0 22.08 16.06 
90.0 2504 18.96 
100.0 28.24 20.907 
RUN NUMBER 120812 
BORCE STRAIN 
9.90 10.0 
La © 20.0 
Zoo 0 30.0 
30.80 40.0 
45.590 50.0 
D2. 50 60.0 
59570 10.0 
69.10 80.0 
17250 90.0 
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651.0 


K 


0.504 
5 Behe, 
0.640 
0.693 
0.676 
0.708 
0.735 
O.f27 
Oren ZZ 
O.f7l1l 


WATER CONTENT 


Pl 


3.58 


5-61 
8.29 
11.15 
16.47 
Ics) 5S) S 
21.68 
er ai | 
28.05 


P3 


Pe | 
4.54 
6.81 
9.08 
11.35 
13.62 
15.89 
18.16 
20.43 


63.0 


K 


0.633 
0.809 
0.821 
0.814 
0.689 
0.719 
0.733 
0.726 
0.728 
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22.71 


RUN NUMBER 120814 WATER CONTENT 59.0 
FORCE STRAIN P} p3 K 
8.80 Ge © 3.19 at 0.474 
15.50 ZOO 5.61 3.02 0.538 
20.60 30.0 7 46 4.53 0.607 
25-50 40-0 9.23 6.04 0.654 
31.80 50.0 il Gil eos 0.655 
38.00 60.0 13.76 9.05 0.658 
43.50. TORIC UG Gs 10.56 0.671 
51.50 80.0 18.64 LES Oy 0.648 
59.00 90.9 21.36 13.58 0.636 
65.50 LOG 58 DE iil 15.09 0.636 
72.00 110.0 26 06 16.60 0.637 
78.00 ZO TE ae Si5 il 0.641 
RUN NUMBER 120815 WATER CONTENT 59.0 
FORCE STRAIN Pl p3 K 
8.20 OO) 2S lesz 0.511 
15.00 ZOO 5.43 3.03 0.559 
20.60 30.0 7.46 4.55 O.6 LO 
26.00 40.0 9.41 6.07 0.645 
32.50 50.0 llee6 eee 0.645 
38.50 60.0 13.94 9.10 0.653 
45.00 70.0 16.29 10.62 0.652 
5 B10 80.0 19.00 12.14 0.639 
58.80 90.0 7 rae, 13.65 0,641 
65.50 100.0 Selig 0.640 





Tile 3G: 
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RUN NUMBER 120901 WATER CONTENT 54.4 

FORCE STRAIN Pal aes) K 

11.00 LOO Boo 1.31 On 350 

17.00 29.0 GoL5 2.63 0.427 

Ziore lO 205 0 8.36 3.94 0.472 

3 Sie, 49.0 10.32 Die CO 0.510 

34.00 50.0 eal 6.57 0.534 

40.00 60.0 14.48 7289 On 54> 

45. 80 10.0 16.58 9.20 On O° 

52-00 80.0 18.82 POG SZ Ono 7 

58.50 90.0 20ers Li..83 0.559 

65.50 100.0 23.71 bei g I's C252) 

RUN NUMBER 120902 WATER CONTENT 54.4 
SORCE STRAIN Bal P32 K 
11.80 IEOTene 4.27 ere O2307 
20.80 20.0 ees 2-64 Om oo. 
26.00 30.0 9.41 3. 96 0.421 
31.50 40.0 11.40 5-28 Oreo 
37.50 50.0 Lao T 6.60 Os4st 
43.00 60.0 £5.57 ray re. O..969 
48.00 70.0 ees. Bieke 5 Ore ac 
Die O 80.0 Lo. 37 LO > 0.546 
60.00 90.0 eit 2 Wlge 9 0.547 
Ge 50 100.0 Zoe) ore Zt Oe oot 
W1550 110.0 25.88 14.53 0. 56t 
120.0 ateG9 Leo Oise 
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RUN NUMBER 120903 WATER CONTENT 53.3 
FORCE STRAIN Pl p3 K 
12.80 HORO 4.63 122 0.285 
19.90 20.0 ae) Bod 0.367 
DOs 160 30.0 9.67 3.97 0.410 
22.00 40.0 11.58 5.29 0.457 
38.00 50.0 13.76 6.61 0.481 
43.50 60.0 eomeiS 7.93 0.504 
49.00 TOC ieee 9.26 Oo 822 
560.0 0) a) 2Oee 7 1 Os Sys 06 BRE 
62.50 90.0 RPE 11.90 G5 26 
S15 Se ares 24.43 R27 Ge 54a 
7 500 EEO 20 26.43 1 SS 02550 
RUN NUMBER 120905 WATER CONTENT 50.4 
FORCE STRAIN Pl P3 K 
le. 50 Ors. 5.61 1.68 0.299 
Ze 20.0 8.51 3.35 0.394 
29.00 30.0 10.50 SoU acs 
36.50 40.0 Lea ceZil 6.71 0.508 
43.50 50.0 Poe5 8.39 0.533 
54.50 60.0 19.73 10.06 02510 
63.00 TO, © 22a cn i ear ae Oa Sls 
Oma 80.0 25.34 13.42 0.530 
78.00 90.0 28424 15.10 0.535 
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RUN NUMBER 120906 WATER CONTENT 50.4 
FORCE STRAIN Pl P3 K 
ies 0 10.0 4.09 1.48 Olas 
17.50 20.0 eee Ba ee OS 
24.00 30.0 8.69 5.05 0.581 
32.80 40.0 Wl cae S18 0.567 
39.50 50.0 14.30 8.41 0.588 
47.80 60.0 le 30 ePnet. 0.583 
59.00 70.0 Dh Bye 11.78 0.551 
67.00 80.0 DG, Os 13.46 0.555 
Teawe 90.0 2751 15.14 0.550 
RUN NUMBER 120008 WATER CONTENT 57.6 
FORCE STRAIN Pl P3 K 
9.00 lone 3.26 25 0.385 
16.50 20.0 5.97 2.51 0.420 
22.50 30.0 8.14 3. 16 0.462 
28.00 40.0 geese 5.02 0.495 
33.80 50.0 Te oe Bee 0.613 
39.00 60.0 14.12 oes On SS 
44.50 70.0 Waring 8.78 0.545 
49.60 80.0 GG 10.03 0.559 
55.00 90.0 19.91 11.29 0.567 
60.80 100.0 DAO Ihde sy) 0.570 
65.50 110.0 2B al 13.80 0.582 
71.00 wlene 25.70 15.05 0.586 
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RUN NUMBER 120909 WATER CONTENT 57.6 

FORCE STRAIN ea P3 K 

12.20 10.0 4.42 1.25 0.284 

18.60 . 20.0 6.73 2-51 Oe 1s 

24.00 30.0 ~8.69 Sea 0.433 

23.010 40.0 10.50 5-02 0.478 

23) 6 218 50.0 2a 3 6.27 Oral f 

39.00 60.0 14.12 UoDe2 e543 

44.80 70.9 16.22 8.78 0.541 

50.20 80.0 bec 10.03 On 552 

Do. DU 2/0510, 20609 Die 29 0.562 

60.50 100.0 Zire 0) 12.54 0.573 

65.50 110.0 23.71 13.80 0.582 

71.00 120.0 2560 15.05 0.586 

RUN NUMBER 121001 “WATER CONTENT 61.0 

melee STRAIN ed P3 K 
6-00 10.0 AP | 1.24 0.569 
10.50 20.0 3.80 2047 0.650 
15.00 SNOE(8, 5243 aA Fil 0.683 
20.00 40.9 1.224 4.94 0.683 
24.50 50.0 8.87 6.18 0.697 
29.50 60.0 10.68 1242 05695 
35100 10.0 Wea 8.65 0.683 
40.00 80.0 14.48 Sie C9 0.683 
45.50 90.0 16.47 UE les 0.675 
52-50 100.0 19.00 12.36 0.650 
Ss 0) LPOnO 20.81 13.60 0.653 
64.00 120.0 23.17 14. 83 0.640 





3 


RUN NUMBER 121002 WATER CONTENT 61.0 

FORCE STRAIN Pl pP3 K 

oO 10.0 2.53 ihe Qi 0.506 

12.50 20.0 4.52 2.57 0.567 

18.00 S00 | Genz 3.85 0.591 

23.00 40.0 8.33 re a: 0.617 

26.50 50.0 9.59 6.42 0.669 

32.50 60.0 ger G 7.70 0.654 

37.50 70.0 13.57 8.98 0.662 

42,50 80.0 15.38 Woe 2 i 0.667 

47.50 90.0 My oe 11.55 0.672 

54.00 100.0 19.55 Dae 0.656 

59.00 TRIO EN ZNO enh 0.661 

64.50 120.0 2s 15.40 0.660 

70.00 130.0 25.34 16.68 0.658 

75.00 140.9 21215 17.97 0.662 

80.00 150.0 28.96 19.25 0.665 

RUN NUMBER 121002 WATER CONTENT 61.0 

FORCE STRAIN Py] P3 K 
8.50 106 3.08 1.28 0.417 
14.00 20.0 5.07 2.57 0.506 
19.20 3020 6.95 3.85 0.554 
24.00 40.0 8269 5.13 0.591 
30.00 50.0 10.86 6.42 0.591 
35.00 60.0 Vast ase 0.608 
40.00 70.0 14.48 8.98 0.620 
45.50 80.0 16.47 HOe27 Oyen2 
51.00 90.0 18.46 11.55 0.626 
56.50 100.0 20.45 1 Oane 0.627 
61.50 BLOAC 22.26 Va 0.634 
67.00 N20 24.25 15.40 0.635 
72.00 130.0 26 «06 16.68 0.640 
00 140.0 27.87 od 0.645 
82.00 150.0 29.68 19.25 0.648 





93 


RUN NUMBER 121004 WATER CONTENT 61.0 

FORCE STRAIN Pl ro K 

8.50 10.0 3.08 1.42 0.462 

ea 216, 20.0 5250 228% 0.517 

21.00 610)5 16 7.60 4.2i 0.561 

26.00 40.0 9-41 DO 0.604 

Be 20 50.0 ie Tell 0.630 

S1aG 214, 60.0 13.21 S95 0.646 

42.50 70.0 eS ee) Ss): 0.647 

48.50 80.0 17.56 ilies 3 0.648 

25.) 0 407.0 oof 12.80 0.661 

58.C0 100.9 21.00 14.222 0.677 

63.00 110.0 22.81 15.6% 0.686 

68.50 120.0 24.80 17.206 0.688 

RUN NUMBER 121005 WATER CONTENT 59.3 

FORCE STRAIN tall P3 K 
eee.) MISES, 2-61 1.42 0.546 
13.50 20.0 4.89 Zee 0.583 
20.00 30.0 1224 4.27 04570 
25-40 40.0 aig De 1 O Ore tk 
See C0 5050 ger 2 7.12 0.634 
36.50 60.0 Ae 24 11 8.54 0.647 
42.50 70.0 LS Ns) he Te 0.648 
48.00 80.0 17 oa5 11.39 On 656 
53.220 9020 19.26 Vizier od 0.665 
aia 100.0 20.81 14.24 0.684 
64.00 110.0 2 oma 15.66 0.676 
69.50 120.0 25.16 17.09 0.679 
14.50 P30n0 Zoo 18.51 0.686 
19.00 140.0 28.60 19.93 OP ene) 7, 





RUN NUMBER 


EFORCE 


8.00 
14.50 
20.50 
26.00 
Bu iQ) 
BiG 2 0 
Se NY) 
arte 10,8) 
Boe 3 0 
Boe OO 
Sra ond 
Oos 30 
Tg SO) 
Le OO 


121006 
STRAIN Pl 
ORO 2.90 
20. 0 5.25 
30.0 TAAZ 
40.0 9.41 
50.0 His 46 
60.0 eae 
TO.@ 15.38 
80.0 lees 
90.0 eg By 
100.0 2 OO 
110.0 23.35 
120.0 25.16 
130.0 26.97 
140.0 28.78 
RUN NUMBER 
FORCE 
9.50 
14.50 
19.70 
25.50 
31.50 
37.00 
43.00 
48.00 
54.00 
60.00 
65.50 
70.20 


WATER CONTENT 


P3 


1.43 
2e05 
4.28 
Se 71 
1214 
Ea 6 
9.99 
11.42 
12.85 
14.27 
Ware 16 
Die) 3 
18.56 
19.098 


121007 


STRAIN 


10.0 


SS ee 


K 


0.493 
0.544 
0.577 
0.607 
0.626 
0.648 
0.649 
Ono 5 1 
0.663 
0.680 
OS (This 
0.68] 
0.688 
0.694 


WATER CONTENT 


Pl 


3.44 


20.0 
20.0 
40.0 
90.0 
60.0 
70.0 
80.0 
20.0 
100.0 
110.0 


120.0 


94 


3) cae 
{13 
Wace 
11.40 
bao 
Si ¢ 
17.38 
Leh os, 
Zhe hc 
ie et | 
252-41 


Ps 


1.44 
2-88 
4.33 
5e fT 
ee 1 
8.65 
Ole Clo 
rs 535 
iZ.70 
14.42 
15. 86 
17.30 


here) 


K 


0.419 
0.549 
0.607 
Oe625 
Ono a2 
0.646 
0.648 
0.664 
0.664 
0.664 
O.669 
0.681 


99 


RUN NUMBER 121008 WATER CONTENT 59.3 

PaARGE “STRAIN Pt P3 K 

6.50 10.0 ? 35 leGR Woes 

13.50 20.0 4.89 2.90 0.593 

20.50 30.0 Rae Weis) OAS 86 

25.00 40.0 9.05 SoG Wogete 

30.50 50.0 11.04 25 WoGee 

5en50 50.0 GBH 8.69 0.658 

41.00 70.0 NARA On WA Wau! 

47.00 80.0 17.01 11.59 0.681 

53.00 90.0 19.19 Cy OTT 

58.50 100.0 21.418 Wee lwotees 

Pomooe eiieeo 23.17 £415.94 0.688 

RUN NUMBER 121009 WATER CONTENT 59.3 

FORCE STRAIN Pl P3 K 
10.50 10.0 3.80 1645 0.382 
16.50 20.0 5.97 DoS ea Ael 
23.00 30.0 8.33 Se BOOB 
29.50 40.0 10.68 5.81 0.544 
35.00 MoO Neer eee “Oar 
40.00 500 Vaaeee By) OA GOe 
46.00 70.0 16.65 10.17 0.611 
51.00 80.0 18446 11662 0.630 
56.50 90.0 20.45 13.08 0.639 
PeROGMTGCEOIN22644 14.53 0.647 
68.00 110.0 24.62 15.98 0.649 





56 


2170 


RUN NUMBER 121010 WATER CONTENT 57.1 
FORCE STRAIN Pl P3 K 
5.00 LOR 1.81 1.31 O56 ee 
9.50 20.0 3.44 2.62 0.762 

15.50 30.0 5.61 3.53 0.700 

21.00 40.0 7.60 ea 0.689 

25.50 59.0 9.23 6.55 0.709 

31.00 60.0 i Ae 7.86 0.700 

36.50 TORO 13.21 9.17 0.694 

43.00 80.0 15.57 10.48 0.673 

49.00 90.0 ea 11.79 0.665 

55.00 100.0 19.91 Ve Tue 0.658 

60.50 nome 21.90 14.41 0.658 

65.00 120.0 23.53 15.72 0.668 

RUN NUMBER 121011 WATER CONTENT 57.0 

FORCE STRAIN Pl P3 K 
BoBC 10.0 2.35 ied 0.558 
11.50 2D 0 4.16 2.63 0.631 
18.50 30.0 6.70 3.94 0.588 
25.00 40.0 9.05 5.25 0.580 
30.00 50.0 10.86 6.56 0.604 
34.80 60.0 12.60 7.88 0.625 
39.80 70.0 14.41 9.19 0.638 
45.00 80.0 16.29 10.50 0.645 
50.00 90.0 18.10 11.81 0.653 
55.50 100.0 20.09 13.13 0.653 
60.50 INGOs © 14.44 0.659 





97 


RUN NUMBER 121012 WATER CONTENT 57.0 

FORCE STRAIN P) P3 K 

10.00 10.0 aoe 1.32 pees 

16.00 20.0 Sh 2.63 0.454 

205 5 30.0 1 OE: 3.95 0.532 

26.50 40.0 9.59 5.26 0.549 

32.50 HOA 11.76 6.58 0.559 

38.50 60.0 13.94 7.89 0.566 

45.00 Tose 16.29 9.21 0.565 

50.50 80.0 18.28 10.53 0.576 

56.50 90.0 20.45 11.84 0.579 

62.50 179.0 222 13.16 0.582 

PUN NUMBER 121013 WATER CONTENT 67.0 

FORCE STRAIN Pl P3 K 
4.20 10.0 Pe52 es x 0.986 
9.50 20.0 3.44 3.00 0.871 
1521010 30.9 5.43 4.50 0.328 
ZOO O 40.0 Lies 5.99 0.3828 
27.50 500 9.95 7.49 0.753 
33.80 60.0 12.24 8.99 0.735 
39.00 1050 Ee 10.49 0.743 
44.50 80.0 Weal 11.99 0.744 
49.50 90.0 eee: 13.49 0.753 
54.60 100.0 SS ete 14.98 0.758 
60.00 Ost Zed 2 16.48 0.759 
65.00 120.0 23.53 17.98 0.764 
70.00 NZVOa 0) 25.34 19.48 0.769 
75.00 140.0 Ziel 20.98 0.773 





a 


98 


RUN NUMBER 121014 WATER CONTENT 67.0 
FORCE STRAIN Pl p3 K 
5.00 10.0 1.81 1.51 0.832 

2800 20.0 4.34 2401 0.694 

17.00 30.0 6.15 5G 0.734 

23.00 40.0 8.33 6.03 0.724 

28.00 50.0 10.14 7.53 0.743 

34.00 60.0 2.51 9.04 0.734 

39.50 (Oo@ 14.30 10.54 O27 

45.00 80.0 16.29 20S 0.740 

50.00 90.0 1840 13.56 0.749 

55.50 100.9 20.09 15.06 0.750 

61.50 Likei5 © D2oe 16.57 0.744 

RUN NUMBER 10802 WATER CONTENT 62.3 

FORCE STRAIN Pl P3 K 
4.90 10.0 Ln Pe 1.29 0.730 
9.90 20.6 3.58 2.59 0.723 
16.00 30.0 5.79 3.88 0.671 
21220 40.0 ew: 5.18 0.675 
26.50 50.0 9.59 6.47 0.675 
Bese 60.0 11.51 Tot 0.675 
2700 70.0 13.39 9.06 0.607 
41.50 80.0 15.02 10.36 0.690 
47.00 90.0 17.01 11.65 0.685 
ScO 100.0 18.75 12.95 0.691 





RUN NUMBER 


ponce 


9.60 
13.00 
18.00 
Zo 00 
28.60 
269 0 
2 (i dieht 
40.70 
45.00 
50.50 


11101 
STRAIN 


10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
10.0 
80.0 
bo OO) 
100.0 


WATER CONTENT 


pel 


3-48 
411 
Ore 2 
8.62 
LOR 52 
ay) 
13a. 01 
14.73 
ro.29 
18.28 


RUN NUMBER 
FORCE 


5240 
9.80 


tae. 


UO a 
3) [he 
3-86 
5214 
6.43 
Te Tl 
9.090 
10.28 
eo! 
arse. 


LEZ0 1 
STRAIN 


10.0 
20.0 
20% 0 


68.0 


K 


Om 10 
0.546 
Oe D2 
0.597 
0.621 
0.660 
0.661 
0.698 
0.710 
0.703 


WATER CONTENT 


peal 


1.95 
Bre 5 
“tent 


13.00 
16.30 
20.30 
24.00 
28.60 
33.50 
38.60 
42.70 


40.0 
50.0 
60.0 
70.0 
80.0 
90.0 
100.0 


Sys, 


5 20 
(Res 
8.69 
LO. 35 
2.3 
Vand 
15-46 


we 


12/7 
2655 
3. 80 
5-06 
6253 
1.60 
8. 86 
10.13 
11.40 
12.66 


Tis 


K 


0.648 
0.714 
0.807 
0.858 
0.862 
0.374 
0.856 
OR 2 3 
0.816 
O< 619 





55.80 


100.0 


60 


RUN NUMBER 11202 WATER CONTENT 58.1 
FORCE STRAIN Pl p3 K 
5.50 Oe 0 1.99 a2 0.665 
11.50 20.0 4.16 2.55 0.636 
17.60 30.0 6.37 3.97 0.623 
22 Se 40.0 8.14 5.30 0.650 
28.90 50.0 10.46 6.62 0.633 
33.10 60.0 11.98 7.94 0.663 
39.80 70.0 14.41 Oe 0.643 
44.70 80.0 16.18 10.59 0.655 
51.80 90.0 18.75 i 5 SZ 0.635 
RUN NUTT? 11302 WATER CONTENT 66.3 
FORCE STRAIN Pl P3 K 
Tow oe 2.86 1.49 O52) 
13.80 20.0 5.00 2.98 0.596 
19.30 30.0 6.99 La 0.540 
24.10 40.0 Sree 5.96 0.583 
28.60 50.0 10.35 7.45 0.719 
33.80 60.0 2 5 AE 8.94 0.730 
38.90 Ose aos 10.43 0.740 
44.40 80.0 16.07 11.92 0.741 
5°.00 90.0 18.10 heea) Oxia 
20.20 + +14.89 0.737 





RUN NUMBER 


FORCE 


6.00 
10. 80 
ii. 20 
23.00 
28200 
34.00 
Bo 610 
44.50 
50.00 
54.90 


Piso 3 
STRAIN 


LOre.0 
20.0 
30.0 
40.0 
SA 0K. 0) 
60.0 
10.0 
80.0 
7Oz0 
109.0 


WATER CONTENT 


Pa 


Cre 
Breall 
6.33 
8.52 
10%.3> 
2.3 
14.30 
16.11 
18.10 
IIS Assit 


RUN NUMBER 
FORCE 


13.00 
19.60 
28.00 
34.00 
39.00 
ADAG 
50.60 
55.90 
EDO 
67.C0 
73.00 
77.80 


RS 


ete 
2-46 
Siero? 
4.92 
Gad 
1238 
8.61 
9. 84 
We LOT ¢ 
Zoo 0 


11401 
STRAIN 


KORG 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 
90.0 

100.0 

LL 

120.0 


61 


61.1 


K 


0.566 
0.629 
0.582 
O59 | 
0.594 
0.600 
0.602 
0.611 
0.612 
0.619 


WATER CONTENT 


Pl 


4.71 
7.10 
10.14 
Zeno 
14.12 
VOR! 
Us ieee a 
20.24 
2 IE DS) 
hese a, 
26-43 
28.16 


P3 


1.26 
Cee 
a5 us 
5-05 
6. 511 
(258 
8. 84 
10.10 
Vis36 
12.63 
I eiCnisie, 
iNeed be: 


Doe 


K 


QO. 268 
O23 56 
0.374 
0.410 
0.447 
0.470 
0.483 
0.499 
Q.>513 
Os o2t 
Om Zo 
Uso38 





a 


OZ 


RUN NUMBER ere 2 WATER CONTENT 59.7 

FORCE STRAIN Pl P3 K 

11.80 10.0 4.21 1.34 0.314 

17.50 20.0 6.33 Zea 0.423 

23.10 30.0 Soo 4.02 0.481 

29.00 40.0 10.50 526 0.511 

34.80 50 .0 12.60 6.71 Oe 232 

39.80 60.0 14.41 8.05 OVA Syame. 

45.10 10.0 16.55 Sho BS Osa 15 

50.20 80.0 18.17 10.73 0.590 

55.80 90.0 20.20 1 2e0¢ G.298 

60.80 100.0 22008 13-41 0.609 

66.90 110.0 24-22 14.75 0.609 

72.10 120.0 26.10 16.09 0.617 

RUN NUMBER 11403 WATER CONTENT 55.6 

FORCE STRAIN Pl PS K 
14.00 10.0 Deo ( a2 © 0.248 
21.80 20.0 fos 2-51 0.318 
ERT, 30.0 9.99 3.77 0.277 
oa 20 40.0 2602 5.02 0.418 
39.60 50.9 14.34 6.28 0.438 
44.60 60.0 fG<i> ToS) 0.467 
49.80 70.0 18.03 8.79 0.488 
54.00 80.0 homo 10.05 0.514 





63 


RUN NUMBER 11404 WATER CONTENT 54.0 

FORCE STRAIN P P3 K 

Oe 10.0 3.69 1.36 0.368 

hea 30 rAOPa 6.26 Pe 0.434 

22.80 30.0 8.25 4.08 0.494 

29.20 40.0 10.57 5.43 0.514 

35.00 50.0 LP tl 6.79 0.536 

41.30 60.0 14.95 8.15 0.545 

48.00 TO 0 17.38 9.51 0.547 

55.60 BOR 20.13 10.87 0.540 

B22 0 90.0 22.48 i223 0.544 

67.40 100.0 24.40 13.59 0.557 

RUN NUMBER 11801 WATER CONTENT 53.8 

FORCE STRAIN Pl p3 K 
5.50 ANG: 1.99 he ot 0.637 
11..00 20.0 3.98 2.54 Os637 
ley. 30.0 6.23 3.80 Oona! 
24.20 40.0 Gree 5.07 0.579 
30.00 50.0 10.86 6.34 0.584 
36.10 60.0 es SOY, 7.61 0.582 
42.10 rZOPae 15.24 8.88 0.523 
47.00 80.0 17.01 10.15 0.596 
53.00 90.0 19.19 11.41 0.595 
60.50 100.0 21.90 12.68 0.579 
67.00 ILO) Ate: 24.25 13.95 0.575 
73.29 ZOO 26.50 S22 (0.574 





64 


RUN NUMBER 11902 WATER CONTENT 63.9 

FORCE STRAIN Py P3 K 

10.50 10.0 3.80 1.55 0.409 

17.80 Ake 6.44 atk 0.482 

24.50 30.0 enky Gem 0526 

30.30 40.0 10.97 6.22 0.567 

36.50 50.0 he) ah Tey 0.588 

oO no 15.06 Jane 0.619 

48.00 70.0 17.38 10.88 0.626 

54.20 80.0 19.62 ieee ees 

59.20 90.0 21.43 13.99 6,653 

65.00 100.0 23.53 [S546 ORG! 

72.00 110.0 26.06 Viel 9) GaGa 

77.10 120.0 eo 18.65 0.668 

82.50 130.0 26) 88 20.21 0.677 

RUN NUMBER 11903 WATER CONTENT 52.9 

FORCE STRAIN Pl P3 K 
8.80 10.0 3.19 1.32 Oe te 
13.90 20.0 5.03 2.65 0.526 
23.80 30.0 8.62 3.97 0.461 
27) AC 40.0 10.06 Src) WORE 
33.60 50.0 WB ee SASe 0.544 
ONES 60.0 WA eVe 7.94 0.554 
2500 7 One 16.65 9.27 0.557 
51.00 Ono 18.46 10.59 0.574 
56.50 90.0 20.45 11.92 0.583 
63.00 100.0 DO Tepe Oso 
AOnGO 110.0 ae 14.56 0.586 
75.50 aes Di eae 15.89 0.581 
81.60 TOA 29.54 eed 0.583 
85.00 140.0 Ou hens 0.602 





100.0 


65 


RUN NUMBER 11904 WATER CONTENT 51.6 
FORCE STRAIN Pl P3 K 
9.90 100 3.58 1.31 0.367 
16.60 20.0 Scio) 2.63 0.438 
22.80 30.0 8.25 3.94 0.478 
29.20 40.0 10.57 5.26 0.498 
34.50 50.0 12.49 6.57 0.526 
40.50 60.0 14.66 7.89 0.538 
47.50 700 17.19 9.20 0.535 
52.80 80.0 19.11 10.52 0.550 
59.00 90.0 21.36 11.83 0.554 
64.00 LOG. PAB E a 13.15 0.568 
69.50 110.0 25.16 14.46 Oem 
(So 20 120.9 Caee2 15.78 0.580 
81.00 12 29.32 17.09 0.583 
86.00 140.0 By. 13 18.41 0.591 
RUN NUMBER 12001 WATER CONTENT 45.4 
FORCE STRAIN Pl P3 K 
9.10 10.0 3.29 eae? 0.417 
15.20 20.0 5.50 2.75 0.500 
222230 04 (0 8.07 7 Lee 02a 
29.20 40.0 Oe Sy 5.50 0.520 
35.50 So 125685 6.87 0.535 
25) Oe 60.0 Gy 8.25 0.544 
49.00 70.0 lie ve 9.62 0.543 
56.00 80.0 20ree 7 e010 0.543 
65.20 90.0 23.60 2.37 0.524 
74.50 26.97 13.75 0.510 





66 


RUN NUMBER 12002 WATER CONTENT 63.5 

FORCE STRAIN Pl P3 K 

Vas 10.0 DG 1.44 0.554 

15.00 20.0 5.43 2.89 0.532 

19.60 30.0 Tonto 4.33 OoGiil 

25.00 40.0 9.05 5.78 0.638 

29.30 50.0 Tomo se 9.681 

35.60 60.0 12.89 8.67 0.672 

43.00 70.0 15.57 oma 0.650 

49.30 80.0 17.85 11.55 0.647 

54.50 90.0 ae 13.00 0.659 

60.00 100.0 PAT LA Be 021655 

66.00 Gc 23.89 15.89 0.665 

71.60 120.0 AG SSI ee Onea 

Tinie 130.0 27.91 18.78 onons 

RUN NUMBER 12101 WATER CONTENT 44.0 

FORCE STRAIN Pl P23 K 
DEAE 10.0 8.07 1.46 0.180 
29.00 20.0 10.50 2.91 0.277 
36.50 30.0 lene 4.37 0.330 
43.20 40.0 15.64 5.82 0.372 
52.20 50.0 18.90 7.28 0.385 
59.60 60.0 21.58 8.73 0.405 
67.00 70.0 24.25 10.19 0.420 
PEL 80.0 oneal 11.64 0.438 
81.00 90.0 25632 13.10 0.447 
86.00 190.0 yi oe 14.55 O0ay 





67 


RUN NUMBER 12102 WATER CONTENT 6.1 
FORCE STRAIN Pl p3 K 
6.70 1s 0 2.43 a6 0.602 
1aiber40 20.0 4.13 2.92 Oe on 
15.50 30.0 5.61 4.38 0.780 
isa 70 40.9 rR ae 5.84 0.862 
24.30 50.0 8.80 7.30 0.829 
30.50 60.0 it GRA 8.75 0.793 
37.00 FORO 13.39 Os Qi DAV 
43.80 80.0 15.86 11.67 0.736 
49.50 90.0 Bee 1313 0.733 
55.50 100.0 20.09 14.59 Ga 26 
61.00 IMC gi6 P2018 16.05 Ove 
66.50 120.0 DOR icon Game 
71 810 130.0 25.99 18.97 0.730 
99.99 VAIS 36.20 20.43 0.564 
RUN NUMBER 12103 WATER CONTENT 62.0 
FORCE STRAIN P P3 K 
6.50 10.0 2.35 ae 0.551 
13.30 20.0 4.81 2.59 0.539 
Ele 30.0 6.88 3.89 0.566 
24.10 40.0 Beue 5.19 0.595 
28.60 50.0 10.35 6.48 0.626 
33.80 60.0 i224 eis 0.636 
40.10 150 14.52 9.08 0.625 
44.50 80.0 16.11 10.38 0.644 
49.50 90.0 see 11.67 Oncor 
55.00 100.0 19.91 12 9 0.651 
60.10 LOS © Die the 14627 0.656 
65.80 Zone 23.82 15.56 0.653 
Tie 0 130.0 Siem 16.86 0.655 
WBA 140.0 27.58 18.16 0.658 
82.00 150.0 29.68 19.45 


0.695 





a 


68 


RUN NUMBER 12104 WATER CONTENT 44.6 
FORCE STRAIN ea P3 K 
12.80 10.0 4.63 1.41 0.304 
21.80 20.0 1.89 2-82 0.357 
29 ao0 30.0 10.61 4.23 Ole Sieh 3: 
36.30 40.0 13.14 2264 0.429 
44.00 50.0 ewe) s, 1.04 0.442 
50.10 60.0 18.14 8.45 0.466 
an ene) 70.0 20.63 9.86 0.478 
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